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DimerImportin α8 has recently been identiﬁed as an importin α family member based on its primary structure and
binding ability to importin β1 and to several karyophilic proteins. However, there has been no experimental
evidence that importin α8 actually functions in the nuclear transport of classical nuclear localization signal
(cNLS)-containing cargo. Here, using an in vitro transport assay, we demonstrate that puriﬁed recombinant
importin α8 can transport SV40T antigen cNLS-containing cargo into the nucleus of HeLa cells, in conjunction
with importin β1. Pull-down assays, followed by mass spectrometry analysis, identiﬁed 179 putative importin
α8-binding proteins, only 62 of which overlapwith those of importinα1, the closest importinα familymember.
Among the importin α8-binding candidates, we showed that DNA damage-binding protein 2 (DDB2) was
actually transported into the nucleus via the importin α8/β1 pathway. Furthermore, we found that the other
subtypes of importinα, whichwere also identiﬁed as importinα8-binding candidates, indeed formheterodimers
with importin α8. Notably, we found that these importin α8-containing heterodimers were more stable in the
presence of cNLS-substrates than heterodimers containing importin α1. From these ﬁndings, we propose that
importinα8 functions as a cNLS receptor with distinct cargo speciﬁcity, and that heterodimerization by importin
α8 is a novel regulatory mode of cNLS binding, in addition to the autoinhibitory regulation by the importin β
binding domain.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
In eukaryotic cells, the nucleus is separated from the cytoplasm
by a nuclear membrane, which is a double lipid bilayer; therefore,
nucleocytoplasmic transport must occur through nuclear pore
complexes (NPCs) that are embedded in the nuclear membrane [1].
The NPCs consist of multiple copies of approximately 30 distinct
proteins, called nucleoporins, in both yeast and mammals [2–4]. Active
protein transport through the NPCs typically involves a transporter
molecule that recognizes a transport signal on the cargo, a nuclearerin α; cNLS, classical nuclear
IBB domain, importinβ binding
dillo repeat; GSH, glutathione
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.localization signal (NLS) for import into the nucleus or a nuclear export
signal (NES) for export from the nucleus [5].
The classical NLS (cNLS), consisting of a cluster of basic amino acids,
is recognized by and binds to the transport factor importin α, also
known as karyopherin α (KPNA), and, together, they form a trimeric
complex with importin β1. The trimer mediates translocation through
the NPCs [6]. Importin α consists of an N-terminal importin β binding
(IBB) domain and 10 armadillo (ARM) repeats that have two cNLS bind-
ing pockets. These cNLS binding pockets are known as the major NLS-
binding site, located between the 2nd and 4th ARM repeats, and the
minor NLS-binding site, located between the 6th and 8th ARM repeats
[7,8]. The accessibility of the NLS-binding sites is regulated by an
autoinhibitory mechanism that is mediated by the IBB domain [9].
Crystallographic analysis indicated that the SV40 large T antigen NLS
(SV40TNLS) and nucleoplasmin NLS bind to the major binding site
and to both the major and minor binding sites, respectively [10]. After
the cNLS-containing cargo/importin α/β1 trimeric complex enters the
nucleus through the NPC, the cargo proteins are released from importin
α by the binding of GTP-bound small GTPase Ran (RanGTP) to importin
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sis susceptibility protein (CAS) which is referred as CSE1L, in conjunc-
tion with RanGTP, while importin β1 leaves the nucleus in a complex
with RanGTP [11].
Seven importin αs have been identiﬁed in humans and six in mice
[7,11,12]. Differences in the number of importin α genes between
humans and mice have led to homologs having different names, while
KPNAs have the same number in humans and mice [11]. Therefore, in
this study, we uniformly employed the human nomenclature for
naming importin αs: importin α1 (KPNA2), importin α3 (KPNA4),
importin α4 (KPNA3), importin α5 (KPNA1), importin α6 (KPNA5),
importin α7 (KPNA6), and importin α8 (KPNA7). The importin αs are
classiﬁed into three subfamilies based on their amino acid sequence
similarity. Clade1 consists of importins α1 and α8, clade2 consists of
importins α3 and α4, and clade 3 consists of importins α5, α6, and
α7 [7,11]. The members of each subfamily are differentially expressed
in tissues and cell types, and display cargo speciﬁcity [11–13].
Importin α8 is the most recently identiﬁed importin α family
member in a number of species [14–19]. Importin α8 is expressed in
oocytes and embryos [14,15,18], and importin α8 knockout mouse
display embryonic lethality and preimplantation developmental abnor-
malities [15]. Recently, importin α8 was shown to promote malignant
properties of pancreatic cancer [20], demonstrating that importin α8
is not only expressed in oocytes, but also in pancreatic cancer cells.
Importin α8 was originally placed into the importin α1 subfamily
based on amino acid similarity and conservation of both the IBB domain
and the ARM repeats [16]. Importin α8 was shown to bind to importin
β1 [15–17] and to cNLSs from several karyophilic proteins, including
nucleoplasmin 2, retinoblastoma, and sperm associated antigen 17-
like protein, although binding to the SV40TNLS either did not occur or
was very weak [16–18]. Despite these data, and the structural
similarities between importin α8 and other cNLS receptors, there is no
experimental evidence that importin α8 actually functions as one.
In this study, we demonstrate that importin α8 functions as a cNLS
receptor. Proteomic analysis of the importin α8- and importin α1-
binding proteins showed that the binding partners are signiﬁcantly
different, suggesting that importin α8 and importin α1 play different
roles in nuclear protein import. Furthermore, we found that importin
α8 forms heterodimers with other importin α subtypes. This ﬁnding
raises the possibility that cNLS-bindingmay be suppressed by heterodi-
mer formation, aswell as by the previously characterized autoinhibition
mediated by the IBB domain [9].
2. Materials and methods
2.1. Plasmid construction
The sequences of all the primers used in this study are presented in
Table S1. The full-length human importin α8 (h-importin α8, KPNA7)
cDNA was ampliﬁed from HeLa cells using the primers “importin
α8 Fwd” and “importin α8 Rev”, and the PCR products were
ligated into the BamHI and XhoI sites of the pGEX6P1 vector (GE
Healthcare, Tokyo, Japan) or ligated into the BglII and SalI sites of the
pEGFPC1 vector (Takara Bio, Shiga, Japan). Bimax1 oligonucleotide
(RRRRPRKRPLEWDEDEEPPRKRKRLW [21]) was cloned into the BsrGI
and EcoRI sites of pmCherry-C1 (Clontech, Mountain View, CA).
The plasmids pGEX6P2-mouse importin α1 (m-importin α1,
KPNA2), pGEX2T–importin β1, pGEX6P1–Ran, pGEX6P1–NTF2,
pGEX2T–SV40TNLS–GFP, pGEX6P3/ﬂag-h-importin α1 (KPNA2),
pGEX6P3/ﬂag-h-importin α3 (KPNA4), and pGEX6P3/ﬂag-h-importin
α5 (KPNA1), were obtained as described previously [22–24]. The full-
length human-importin α4 (KPNA3) cDNA was ampliﬁed by PCR
using the primers “importin α4 ﬂag Fwd” and “importin α4 Rev”, and
then subcloned into the pGEX6P3/ﬂag plasmid. The plasmid pGEX6P3-
m-importin α1ED was constructed from pGEX2T-m-importin α1ED,
which has been described previously [25]. The coding sequence of m-importin α1 including two point mutations at D192K and E396R was
ampliﬁed using the primers “m-importin α1 Fwd” and “m-importin α1
Rev”, and inserted into the EcoRV site of pBluescript II KS(+) (Stratagene,
California, USA). The product was inserted into EcoRI–XhoI-digested
pGEX6P3 vector (GE Healthcare).
To create the pcDNA5/FRT/3xFLAG expression construct, three
tandem repeats of the FLAG tag: 5′-ACCATGGACTACAAAGACCATGAC
GGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAG-3′
were inserted into the NheI and BamHI sites of the pcDNA5/FRT vector
(Life Technologies), and then the coding region either of h-importin
α8 or h-importin α1, which was ampliﬁed by PCR from either
pGEX6P1-h-importin α8 described above or pGEX6P3/ﬂag-h-importin
α1 [22], was cloned into the BamHI and XhoI sites of pcDNA5/FRT/
3xFLAG expression vector.
Genes encoding putative importin α-binding proteins were ampli-
ﬁed from cDNA of HeLa cells using primers indicated in Table S1, and
then cloned using pENTR cloning system (Invitrogen). The following
putative importin α-binding proteins were cloned: proteasome activa-
tor complex subunit 3 (PSME3), sortilin (SORT1), Rab3 GTPase-
activating protein non-catalytic subunit (RAB3GAP2), moesin (MSN),
cytoplasmic FMR1-interacting protein 2 (CYFIP2), regulatory-
associated protein of mTOR (RPTOR), protein pelota homolog (PELO),
apoptosis-inducing factor 1 (AIFM1), DNA damage-binding protein 2
(DDB2), cyclin B1 (CCNB1), telomere length regulation protein TEL2 ho-
molog (TELO2), lysine-speciﬁc histone demethylase 1 (KDM1A) and
importin subunit alpha-3 (KPNA3). Thermal cycles were as follows:
1 cycle of 2 min at 94 °C followed by 40 cycles of 10 s at 98 °C and
2 min 45 s, 1 min 30 s, 2 min 5 s, or 2 min 50 s at 68 °C, depending on
the length of the PCR product. To transfer the candidate genes from
the pENTR to the p3xHA–CMV destination vector, the Multisite Gate-
way cloning system (Invitrogen, Darmstadt, Germany) was used. To
generate p3xHA–CMV, three tandem repeats of the hemagglutinin
(HA) tag: 5′-ACCATGGCCTACCCATACGATGTTCCAGATTACGCTTACCCA
TACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTAC-3′ were
inserted into NheI and BamHI sites of pcDNA3.1Zeo(+) (Life Technolo-
gies). The Reading Frame Cassette of the Gateway Conversion System
(Invitrogen) was inserted into the EcoRV site of p3xHA–CMV.
The full-length DDB2 coding sequence was ampliﬁed from p3xHA/
CMV–DDB2 using the primers “CCC BamHI DDB2 Fwd” and “GGG
BamHI C DDB2 Rev”. The PCR products were digested with BamHI and
XhoI, and then cloned into the pGEX6P2/hGFP vector, which is an
expression vector of glutathione S-transferase (GST)-fused green
ﬂuorescent protein (GFP). To create the pEGFPC1–DDB2 full-length
and pEGFPC1–DDB2 ΔN mutant (41–428 a.a.), following primers
“GGG BamHI DDB2 Fwd” or “GGG BamHI DDB2 121 Fwd” and “GGG
XhoI DDB2 Rev” were used for ampliﬁcation of DDB2 genes from the
p3xHA/CMV–DDB2 plasmid by PCR.
2.2. Puriﬁcation of recombinant proteins
Bacterially expressed recombinant proteins fused to GST were puri-
ﬁed as described previously [26,27]. Cleavage of the GST tag to yield
cleaved fusion proteins using PreScission protease (10 U/mg of fusion
protein, GE Healthcare) or thrombin protease (10 U/mg of fusion
protein, Sigma-Aldrich, Germany) were performed as previously [26,
27]. To create the nucleotides bound form of Ran, cleaved Ran was
incubated with 25 mM EDTA and 2 mM GDP (Sigma-Aldrich, Munich,
Germany) on ice for 1 h, and then 50 mMMgCl2 was added.
2.3. Cell culture
HeLa cells and HEK293F cells were cultured in Dulbecco's modiﬁed
Eagle's medium (DMEM, Sigma-Aldrich) containing 10% fetal bovine
serum (FBS; GIBCO,Darmstadt, Germany) at 37 °C under an atmosphere
with 10% CO2.
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Stable HEK293 cell lines for constitutive expression of 3xFLAG-
tagged h-importin α1 and h-importin α8 were generated using the
Flp-In 293 System (Invitrogen). Cell extracts were prepared in lysis
buffer (10 mM PIPES (pH 7.0), 300 mM sucrose, 1 mM MgCl2, 1 mM
EGTA, 0.1% Triton X-100, 0.1 mM PMSF, 1 μg/ml leupeptin (Peptide
Institute, Osaka, Japan)) and were cleared by centrifugation. FLAG-
tagged proteins were isolated by binding to anti-FLAG M2 afﬁnity gels
(Sigma-Aldrich) at 4 °C for 2 h. After washing of the gels with lysis buff-
er, the bound proteins were eluted and separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Gel slices of
each lane were excised and analyzed by mass spectrometry (MS).
2.5. Mass spectrometry
Liquid chromatography/tandem mass spectrometry (LC–MS/MS)
analysis was performed as described previously [28].
2.6. Antibodies
The following antibodies were used for western blotting: rat mono-
clonal anti-HA (11867423001, 0.1 μg/ml, Roche, Mannheim, Germany),
rabbit polyclonal anti-GFP (A11122, 2 μg/ml, Life Technologies), mouse
monoclonal anti-GST (sc-138, 0.2 μg/ml, Santa Cruz Biotechnology,
Texas, USA), mouse monoclonal anti-FLAG M2 antibody (F1804, 1.5
μg/ml, Sigma-Aldrich), rabbit polyclonal anti-RFP antibody (PM005,
0.5 μg/ml, Medical and Biological Lab., Nagoya, Japan) for mCherry,
mousemonoclonal anti-karyopherin β1 (610559, 250 ng/ml, BD Biosci-
ences.), goat polyclonal anti-rat horseradish peroxide (HRP), anti-rabbit
HRP or anti-mouse HRP (0.8 μg/ml each, Jackson ImmunoResearch Lab-
oratories, Pennsylvania, USA).
2.7. Transfection
HEK293F cells (2.7 × 106) were plated in 100-mm dishes and HeLa
cells (5 × 104) were plated in 12-well plates with cover glasses and
cultured for 24 h prior to transfection. Transfection was performed
with Lipofectamine 2000 Reagent (Invitrogen).
2.8. Western blotting
Western blottingwas performedwith cell lysates separated on an 8%
SDS-PAGE gel. After the proteinswere transferred onto an Immobilon-P
membrane (Merck Millipore, Darmstadt, Germany) using a semidry-
type blotting apparatus (ATTO, Tokyo, Japan), the membrane was
blocked with blocking buffer consisting of 5% skim milk in tris-
buffered saline (TBS; 20 mM Tris–HCl (pH 7.5), 150 mM NaCl) for 1 h.
The membrane was probed with primary antibody diluted in blocking
buffer at 4 °C overnight, and then with HRP-conjugated anti-rat or
anti-mouse IgG at room temperature for 30 min. After washing the
membrane with TBS containing 0.05% Tween-20, the protein bands
were visualized with Pierce ECL Western Blotting Substrate (Thermo
Scientiﬁc, Dreiech, Germany). Magic Mark XP (Invitrogen) was used as
a molecular weight marker.
2.9. Binding assay using transfected HEK293F cell lysates
HEK293F cells were transfected with 3xHA-tagged bait proteins and
incubated for 48 h. After washing the cells with phosphate-buffered sa-
line (PBS), the cells were collected in transport buffer (TB; 20 mM
HEPES at pH 7.3, 110mMpotassium acetate, 2 mMmagnesium acetate,
1 mM EGTA, 1 mMDTT, 500 μMphenylmethylsulfonyl ﬂuoride (PMSF),
1 μg/ml aprotinin (Nacalai Tesque), 1 μg/ml pepstatin (Peptide Institute,
Osaka, Japan), and 1 μg/ml leupeptin (Peptide Institute)) with 0.1%
Tween-20, at 4 °C, followed by sonication for 10 s using a Soniﬁer 250(output control 1, duty cycle constant; Branson, Danbury, CT, USA).
The cell lysates were centrifuged at 20,400 ×g at 4 °C for 30 min and
incubated with GST-h-importin α8, GST-m-importin α1, or GST-m-
importin α1ED immobilized on glutathione sepharose (GSH) beads
(GE Healthcare) at 4 °C for 1 h. After incubation, the beads werewashed
5 times with TB containing 0.1% Tween-20. Then, the beads were
suspended in SDS-PAGE loading buffer (50 mM Tris–HCl (pH 6.8),
34.7mMSDS, 50% glycerol, 25%β-mercaptoethanol, and bromophenol).
Bound proteins were analyzed by western blotting with monoclonal
anti-HA antibody.
2.10. Binding assay using recombinant proteins
Test proteins (50 pmol) were incubated with 50 pmol each of GST,
GST-h-importin α8, GST-m-importin α1, or GST-m-importin α1ED
immobilized on GSH beads (GE Healthcare) in 500 μl of TB containing
0.1% Triton X-100 at 4 °C for 1 h. After the beads were washed 5 times
with TB containing 0.1% Triton X-100, they were suspended in SDS-
PAGE loading buffer. Bound proteinswere analyzed bywestern blotting
with speciﬁc antibodies described.
2.11. In vitro nuclear transport assay
HeLa cells were treated with 40 μg/ml digitonin (Nacalai Tesque) on
ice for 5 min. Permeabilized cells were incubated in TB on ice for 5 min
and washed twice with TB to minimize residual proteins in the cyto-
plasm. The cells were incubated at 30 °C for 30 min in TB containing
4 pmol of transport substrates such as GST–SV40TNLS–GFP, 6 pmol of
either m-importin α1 or h-importin α8, 4 pmol of importin β1,
40 pmol of RanGDP, and an ATP regeneration system (0.5 mM ATP
(Wako), 20 U/ml creatine phosphokinase (Sigma-Aldrich), and 5 mM
creatine phosphate (Sigma-Aldrich)) in a total volume of 10 μl per
sample. After incubation, the cells were ﬁxed with 3.7% formaldehyde
in PBS. The cells were observed under a Zeiss Axiophot 2 ﬂuorescence
microscope with a Plan-Neoﬂuar objective lens (40×/0.75, Carl Zeiss,
Oberkochen, Germany).
3. Results
3.1. Importin α8 transports cNLS substrates into the nucleus
Based on the amino acid similarity, importin α8 was originally
assigned to the importin α1 subfamily; therefore, we characterized
the function of importin α8 by comparison with importin α1. First, we
conducted a binding assay using bacterially expressed, puriﬁed, recom-
binant proteins. Importin β1 was incubated with either immobilized
GST-importin α8 or immobilized GST-importin α1, and the bound
protein was detected by western blotting using anti-importin β1 anti-
body. As shown in Fig. 1A, importin α8 bound to importin β1 more
efﬁciently than importin α1.
Previous reports indicated that importin α8 only binds weakly, or
not at all, to the SV40TNLS [16–18]. However, amino acid sequence
alignment of importin α8 and importin α1 revealed that the critical
amino acids in the major and minor NLS-binding sites are conserved
(Fig. S1), suggesting that importin α8 can potentially interact with the
SV40TNLS. Indeed, the results from a pull-down assay demonstrated
that GST-importin α8 bound to SV40TNLS–GFP even more efﬁciently
than importin α1 (Fig. 1B). Furthermore, results from the reciprocal
pull-down assay, using GST–SV40TNLS–GFP, showed an interaction
between SV40TNLS and importin α8 in a manner similar to that
exhibited by importin α1 (Fig. 1C). These results strongly suggest
that, like importin α1, importin α8 is able to transport SV40TNLS-
containing substrates into the nucleus.
To conﬁrm this, we examined the nuclear transport activity of
importin α8 using an in vitro transport assay. The results showed
that, like importin α1, the presence of importin α8 allowed efﬁcient
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Fig. 1. Importinα8 interacts with and transports the SV40TNLS-substrate into the nucleus. A. GST, GST–importinα8 (IMPα8), and GST–importinα1 (IMPα1)were incubatedwith recom-
binant importin β1 (IMPβ1). Bound proteins were detected with anti-IMPβ1 and anti-GST antibodies. 2 pmol of IMPβ1 was loaded as an input. B. GST, GST–IMPα8, and GST–IMPα1
were incubated with SV40TNLS–GFP recombinant protein. Bound proteins were detected with anti-GFP and anti-GST. 2 pmol of SV40TNLS–GFP was loaded as an input. C. Either GST–
SV40TNLS–GFP or GST–GFP as a negative control was incubated with GFP–IMPα8 or GFP–IMPα1. Protein bands were detected with anti-GFP antibody. 2 pmol each of GST–
SV40TNLS–GFP or GST–GFP was loaded as an input. D. An in vitro transport assay was performed to measure the nuclear transport activity of IMPα8. Digitonin-permeabilized HeLa
cells were incubated with GST–SV40TNLS–GFP with or without IMPα8 or IMPα1. After incubation for 30 min, the GFP signals were observed using a ﬂuorescence microscope.
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HeLa cells (Fig. 1D).
3.2. Identiﬁcation of importin α8- and importin α1-binding proteins
Although importin α8 was classiﬁed to the importin α1 subfamily,
the amino acid similarity between importin α8 and importin α1 is
quite low (55%) compared to the similarity between other subfamily
members (e.g., 86% between importinα3 and importinα4), suggesting
functional divergence of these two proteins. To test this possibility, we
stably expressed FLAG–importin α8 or FLAG–importin α1 in Flp-In
293 cell lines to identify importin α8 and importin α1 binding proteins
using FLAG–immunoprecipitation followed by LC–MS/MS. A total of 982
proteins were identiﬁed, including proteins found in the negative
control FLAG-tag only fraction (Table S2). Among them, we analyzed
179 and 133 proteins that were excluded from the FLAG-tag only
fraction and that bound speciﬁcally to importin α8 and importin α1,
respectively, of which 62 proteins bound to both importin αs (Fig. 2A
and Table S3).
Technical validity for the pull-down/MS analysis was implied by the
identiﬁcation of known importinα bindingpartners, including importin
β1 (KPNB1), CAS (CSE1L, Exportin-2), NUP153, and NPAP60/NUP50. Of
these, NUP153 andNPAP60were identiﬁed as candidates that selective-
ly bound to importin α1. In addition, several proteins identiﬁed in this
study were identiﬁed in previous MS analyses, including PUS7,
SMARCA4, PSME3, RBBP4, and ANP32A [25,27,29,30].
3.3. Web-based analysis of the importin α-binding proteins
We used the cNLS Mapper software (http://nls-mapper.iab.keio.ac.
jp/cgi-bin/NLS_Mapper_form.cgi) to search for cNLSs in the candidate
importin α-binding proteins [31]. The highest score for each candidate
is shown in Table S3. Based on the scores, the proteinswere categorized
as “High” (≥6) or “Low” (b6) (Fig. 2B). There were nomajor differencesbetween importin α8 and importin α1 in the scores of the binding
proteins.
Next, we assessed the subcellular localization of the candidates using
PSORT II [32]. The localizations with the highest prediction scores for
each candidate are presented in Fig. 2C. The majority of the candidates
were predicted to localize to the cytoplasm or to the nucleus. Eight
percent and 6% of the importin α8-binding proteins, and 11% and 5%
of importin α1-binding proteins, were predicted to localize to the
mitochondria and the endoplasmic reticulum, respectively, which
suggests that the subcellular localization pattern of the candidate
importin α8-binding proteins is similar to that of the importin α1-
binding proteins.
The candidate binding proteins were also subjected to Web-based
functional analysis using the ToppGene software (https://toppgene.
cchmc.org/) [33]. Table 1 shows the ten most enriched GO biological
processes for each importin α. The importin α8-binding proteins
functioned mainly in RNA-related processes, including mRNA process-
ing. Similarly, importin α1-binding proteins were involved in a large
variety of biological processes with RNA-related functions.
Taken together, although our comprehensive proteomics analysis
revealed that both the importin α proteins have distinct substrate
speciﬁcities, the web-based bioinformatics analyses indicated that the
binding candidates for each importin α show high similarity in the
functionality and cellular distribution.
3.4. Validation of candidate importinα8- and importinα1-binding proteins
Thirteen predicted candidates, PSME3, SORT1, RAB3GAP2, MSN,
CYFIP2, RPTOR, PELO, AIFM1, DDB2, CCNB1, TELO2, KDM1A, and
KPNA3 were selected for validation. HEK293F cells were transfected,
separately, with plasmids encoding the HA-tagged candidate proteins,
and whole cell lysates were used for pull-down assay using recombi-
nant GST–importin α8 or GST–importin α1. Of the tested proteins,
SORT1, CYFI2, RPTOR, PELO, AIFM1, DDB2, CCNB1, TELO2, KDM1A, and
Fig. 2. Functional search of importin α8- and importin α1-binding proteins. A. Venn dia-
gram grouping candidate importin α8 (IMPα8)- and candidate importin α1 (IMPα1)-
binding proteins, as identiﬁed bymass spectroscopy. The proteins are classiﬁed as binding
to IMPα8, IMPα1, or to both IMPαs. B. Pie chart of the composition of the candidates with
predicted cNLSs, categorized per importinα. The sequence of each candidate was submit-
ted to cNLSMapper with a cutoff score of 6. Candidates with a putative cNLS, with a score
of 6 or above (high) or below 6 (low), were allocated to different categories. C. Pie chart of
the subcellular localization of the identiﬁed proteins. The sequence of each candidate
was analyzed using PSORT II. cyt, cytoplasm; nuc, nucleus; mit, mitochondria; end,
endoplasmic reticulum; gol, Golgi body; pla, plasma membrane; pox, peroxisome; exc,
extracellular.
Table 1
Top 10most enrichedGO biological processes for importinα8 andα1 binding candidates.
ID Name p-value Hit count in
query list
IMPα8 binding proteins
1 GO:0006396 RNA processing 2.81E− 11 28
2 GO:0016071 mRNA metabolic process 1.46E− 08 23
3 GO:0034660 ncRNA metabolic process 3.43E− 08 16
4 GO:0006399 tRNA metabolic process 4.41E− 08 11
5 GO:0046907 Intracellular transport 4.51E− 07 33
6 GO:0016482 Cytoplasmic transport 5.78E− 07 24
7 GO:0006397 mRNA processing 1.62E− 06 16
8 GO:0043414 Macromolecule methylation 4.73E− 06 10
9 GO:0006370 7-methylguanosine mRNA capping 7.23E− 06 5
10 GO:0006913 Nucleocytoplasmic transport 1.13E− 05 14
IMPα1 binding proteins
1 GO:0044403 Symbiosis, encompassing
mutualism through parasitism
3.26E− 08 20
2 GO:0044419 Interspecies interaction between
organisms
3.26E− 08 20
3 GO:0044764 Multi-organism cellular process 4.43E− 08 19
4 GO:0006396 RNA processing 7.59E− 08 19
5 GO:0016032 Viral process 1.84E− 07 18
6 GO:0034660 ncRNA metabolic process 8.88E− 07 12
7 GO:0016482 Cytoplasmic transport 1.36E− 06 19
8 GO:0016071 mRNA metabolic process 2.58E− 06 16
9 GO:0006913 Nucleocytoplasmic transport 6.28E− 06 12
10 GO:0051169 Nuclear transport 7.14E− 06 12
Fig. 3. Validation analysis of importin α8- or importin α1-binding candidates. Thirteen
candidate proteins were tested for binding to full-length importin α8 (IMPα8), importin
α1 (IMPα1), ormutant importinα1ED (IMPα1ED)usingGST pull-downassay. HA-tagged
candidates were overexpressed in HEK293F cells and whole cell lysates were prepared
after incubation for 48 h. SV40TNLS-substrate (EGFP–NLS–GFP) was used as a positive
control to bind to both importin αs. The lysates were incubated with GST–IMPα8, GST–
IMPα1, or GST–IMPα1ED and bound proteins were analyzed by western blotting with
anti-HA antibody for candidates or anti-GFP antibody for the SV40TNLS-substrate.
Whole cell lysates prepared from the transfected cells were loaded at 1:30 dilution for
the pull-down reaction as an input.
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importin α1 (Fig. 3). In contrast, PSME3 bound to GST–importin α1
more strongly than with GST–importin α8. We did not detect binding
by MSN or RAB3GAP2.
3.5. DDB2 is transported by importin α8 in conjunction with importin β1
We further analyzed the relation between importin α8 and DDB2,
since DDB2 showed a very high afﬁnity for importin α8 (Fig. 3). Results
from the pull-down assay suggested that recombinant GFP–DDB2
directly bound to both GST–importin α8 and GST–importin α1
(Fig. 4A). In addition, the data showed that importin α8 interacted
with GFP–DDB2 more effectively than did importin α1. Moreover,
results from a reciprocal pull-down assay, using GST–GFP–DDB2 and
either GFP–importin α8 or GFP–importin α1, also showed that the
binding afﬁnity of DDB2 to importin α8 was higher than to importin
α1 (Fig. 4B).
Next, we performed the in vitro transport assay to test whether
DDB2 is imported into the nucleus by importin α8 with importin β1.
As shown in Fig. 4C, GFP–DDB2 was transported into the nucleus
of HeLa cells in both an importin α8- and an importin α1-dependentmanner. It was unclear why the transport efﬁciency by importin α8
was lower than that of importin α1 even though importin α8 showed
a high binding afﬁnity for the substrate. From these ﬁndings, we
concluded that importin α8 directly binds to DDB2 and transports it
into the nucleus via the classical importin α/β1 pathway, indicating
that importin α8 indeed functions as an NLS receptor.
Fig. 4. DDB2 is a cargo protein of importin α8. A. GST–importin α8 (IMPα8) and GST–
importin α1 (IMPα1) were incubated with GFP–DDB2. Bound proteins were detected
with anti-GFP and anti-GST antibodies. 8 pmol of GFP–DDB2 was loaded as an input.
B. GST–GFP–DDB2 was incubated with GFP–IMPα8 or GFP–IMPα1. Bound proteins were
detected with anti-GFP antibody. 2 pmol of GST–GFP–DDB2 was loaded as an input. The
negative control using GST–GFP is showed in Fig. 1C. C. Digitonin-permeabilized HeLa
cells were incubated with GFP–DDB2 with or without IMPα8 or IMPα1. After incubation
for 30 min, the cells were observed under a ﬂuorescence microscope.
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The cNLS Mapper algorithm predicted that a bipartite NLS exists in
DDB2 at the N-terminal region (18–40 a.a.) with a high score (14.5).
Thus,we next determinedwhether the putativeDDB2NLS is recognized
by importinα8. As shown in Figure S2B, the binding of amutant protein,
DDB2ΔN, to each GST–importin α protein was remarkably reduced
when compared to the binding of full-length DDB2 protein (DDB2FL).
Furthermore, immunoﬂuorescence analysis indicated that whenFig. 5. Importin αs form a dimer with other importin α subtypes. A. 100 pmol each of GST–im
(IMPα5), FLAG–importin α1 (IMPα1), FLAG–importin α4 (IMPα4) or FLAG–importin α3 (IMP
to detect bound proteins. 5 pmol each of FLAG-tagged importin αs was loaded as an input
10 pmol each of GST–importin α8 (IMPα8) or GST–importin α1 immobilized on GSH beads w
the beads were further incubated with either 50 pmol or 200 pmol of mCherry–Bimax1 pept
anti-RFP, which was used to detect mCherry and anti-GST antibodies, respectively.expressed in cells, the cytoplasmic intensity of DDB2ΔN was stronger
when compared to the intensity of DDB2FL (Fig. S2C and Fig. S2D).
These data suggest that the N-terminal region (1–40 a.a.) of DDB2 has
the ability to function as a cNLS that is recognized by importin αs.
However, the EGFP–DDB2ΔN protein was still detected in the nucleus
of HeLa cells (Fig. S2C), which suggests that DDB2 contains other NLSs
in addition to the N-terminal cNLS.
3.7. Importin α8 forms heterodimers with other importin αs
Ourmass spectrometry analysis identiﬁed importinα4 (KPNA3) as a
potential importin α8-binding protein. Indeed, results from the pull-
down assay indicated that transiently overexpressed importin α4
(shown as KPNA3) interacted with GST–importin α8, suggesting that
importin α8 can heterodimerize with importin α4 (Fig. 3). Therefore,
to test whether importinαs can directly bind each other, we performed
the GST pull-down assay, using recombinant proteins. Interestingly, we
found that GST–importin α8 strongly interacted with FLAG–importin
α5 (KPNA1), α4 (KPNA3), and α3 (KPNA4), and weakly with FLAG–
importin α1 (KPNA2). GST–importin α1 also appeared to interact
with all of the FLAG–importin αs tested, but the binding was much
weaker than the binding by importin α8 (Fig. 5A).
Recently, an X-ray crystallographic analysis suggested that h-
importin α1 lacking the IBB domain (ΔIBB-h-importin α1) formed a
closed homodimer structure,which represents a potential autoinhibition
mode of cNLS binding [34]. Since the addition of cNLS-ligands appeared
to shift the equilibriumstate of theΔIBB-h-importinα1 homodimer to a
monomer, the cNLS-binding sites are most likely involved in the forma-
tion of the importin α1 homodimer. Thus, to determine whether the
cNLS-biding sites are also involved in heterodimerizationwith importin
α8, we tested the ability of the Bimax1 peptide, an inhibitor peptide
that strongly binds to both the major- and minor-NLS-binding sites of
importin α [21], to dissociate the dimer. As shown in Fig. 5B, the
addition of the mCherry–Bimax1 caused partial dissociation of the
heterodimers, suggesting that the cNLS-binding sites are somehow
involved in importin α8 heterodimerization. Notably, the importin
α8–α3 heterodimer was more resistant to the addition of the Bimax1-
peptide than the importin α1–α3 heterodimer. From these ﬁndings,
we concluded that importinα8 has a robust ability to formheterodimers
with other importin αs, especially with importins α3 and α4, and that
the cNLS-binding sites are involved in heterodimerization.portin α8 (IMPα8) or GST–importin α1 (IMPα1) was incubated with FLAG–importin α5
α3) recombinant proteins (100 pmol each). Anti-FLAG or anti-GST antibodies were used
. B. Competitive binding of importin α8 and importin α3 to mCherry–Bimax1 peptide.
as incubated with 50 pmol of FLAG–importin α3 (IMPα3) for 2 h at 4 °C. After washing,
ide for 2 h at 4 °C. The bound fraction was analyzed by immunoblotting with anti-FLAG,
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We found that the addition of importin β1 had no effect on the pre-
formed importin α8–α3 heterodimer, while the addition of excess
SV40TNLS-substrate reduced dimerization in the presence of importin
β1 (Fig. S3). These results suggest that (1) importin α8 possesses a
high afﬁnity for other importin α subtypes, particularly importin α3
and α4, to produce a robust heterodimer, and (2) that the heterodimer
forms through its ARM repeats to hide the major- and minor-NLS
binding sites. From these ﬁndings, we propose that, in addition to the
autoinhibition by the IBB domain, there exists a novel regulatory
mode of cNLS binding that occurs through the heterodimerization of
importin α8 with other importin αs.4. Discussion
In this study, we showed that importin α8 is an adaptor molecule
connecting cNLS-cargo proteins and importin β1. Bacterially produced
recombinant importin α8 exhibited strong binding to importin β1,
consistent with previous reports [15–17]. In addition, we demonstrated
that importin α8 interacted with the SV40TNLS substrate and
transported it to the nucleus. Moreover, we provided evidence that
DDB2 is a novel endogenous cargo molecule of importin α8. These
results indicate that importin α8 is a functional cNLS receptor.
Although importin α8 was originally classiﬁed into the importinα1
subfamily based on amino acid sequence similarity, the similarity is
quite low (55%) between these two importin αs [16]. Moreover, the
subcellular distribution of importin α8 was clearly different from that
of importin α1. That is, EGFP–importin α8 was localized to the nucleus,
while EGFP–importin α1 was localized to both the nucleus and the
cytoplasm (data not shown), consistent with previous reports [15,16].
In addition, although it has been shown that importin αs that belong
to the same subfamily show similar substrate-speciﬁcity, the results
from our pull-down assay, followed by mass spectrometric analysis,
suggested that only 62 out of 250 candidate proteins interact with
both importins α8 and α1. Finally, importin α8 demonstrated a
remarkable ability to dimerize with other importins when compared
to importin α1. Collectively, these results raise the possibility that
importin α8 may constitute a new subfamily of importin α.
It is well known that the IBB domain of importin α has an
autoinhibitory activity that suppresses the binding of cNLS. Importins
α1, α5, α6, and α7 each contains four conserved basic clusters
(Rs; RRRR) in their IBB domain that are critical for the interaction with
the minor NLS-binding site, and thus, for autoinhibition. In contrast,
the third amino acid of the basic cluster in the IBB of importins α3 and
α4 is replaced with Q and H, respectively, resulting in signiﬁcantly
lower autoinhibition [35]. Since two R residues of the basic cluster in
the IBB domain of importin α8 are substituted to the Q residues
(RQQR) (Fig. S1, drew box) [12], it is most likely that the IBB domain
of importin α8 has much weaker autoinhibitory activity. Therefore,
the ARM repeats of importin α8 might form an “open” structure to
facilitate heterodimerization. This idea is supported by a recent publica-
tion that compares the structural features of importinα3 to the features
of importins α1 and α7 [36].
Our data indicated that importin α8 can heterodimerize with other
importin α subtypes, especially with importins α3 and α4. Several
studies have reported that importin αs from yeast and Xenopus appear
to form homodimers and multimers, and that binding to cNLSs can be
altered by the state of monomer–dimer equilibration [37–39]. Here,
we demonstrated that the importinα8–α3 heterodimer shows remark-
able resistance to the addition of cNLS-substrates. From these ﬁndings,
we propose that importin α8 can suppress cNLS binding through
heterodimerization, which is quite a different mode of regulation from
the autoinhibition by the IBB domain. Collectively, our study provides
new insight into how cargo binding is regulated by the structural
features of each importin α.5. Conclusions
Our study demonstrated that importin α8, in conjunction with
importin β1, functions in the nuclear transport of an SV40TNLS-
containing cargo and of DDB2, suggesting that importin α8 is a func-
tional cNLS receptor. Results from our pull-down assays, followed by
mass spectrometry analysis, indicated that the substrate speciﬁcities
of importin α8 are different from the speciﬁcities of importin α1. We
also found that importin α8 efﬁciently heterodimerizes with other
importin α subtypes. This discovery suggests that importin αs have
two types of regulation by cNLS-binding: autoinhibition by the IBB
domain and heterodimerization, which is especially used by importin
α8.
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